Pd/Ag-based inks are probably the most commonly used conductors in thick-film hybrid technology. The evolution of the microstructure of these films was studied on samples fired with isochronal cycles at a peak temperature in the range from 300C up to 850C. The samples were investigated by means of X-ray diffraction, SEM and EDAX analysis techniques; the results of these analyses as well as those of thermogravimetry (TG, DTG) and differential thermal analysis (DTA), enable one to obtain a clear picture of the complex evolution of the microstructure of these conductors, which correlates quite strictly with the performance of the films in terms of resistivity and adhesion.
INTRODUCTION
Pd/Ag based conductors are probably the most commonly used inks in the technology of thick-film hybrid circuits. These materials are preferred to Ag-based conductors when the solderability and reduced electromigration and diffusion in resistors are a premium, with a small sacrifice in terms of conductivity and without the disadvantage of high prices of Au-, Pt-based materials as well as their alloys.
Some basic features concerning the formation of the microstructure of these films have been approached by several authors. -7 Coles -3 studied the sintering behavior of Ag-Pd compacted powders without or in presence of a glass-frit; Wirth and Mille described the main requirements for the ink formulation and some correlation between the ink components and the final film performance. Moreover adhesion studies have received extensive consideration. -7 In this paper we will present and discuss the results of a study, performed on a specific Pd-Ag-based material, with the aim of establishing a methodology for the investigation of the evolution of the microstructure of an actual material and its correlations between the different stages of the evolution and the performance of the film in terms of resistivity and adhesion.
The study was successful in both the aims of getting interesting information on the material examined and giving definite evaluation of the applicability and limitations of several analytical techniques in the study of thick-film conductors.
SAMPLES AND METHODS
The data reported in the paper concern the ink C4308 from Cermalloy Heraeus. This is a material well representative of the class of PdAg-based conductors with a relatively large amount of Pd, as observed in an exploratory investigation. For the characterization of the ink, thermogravimetric (TG, DTG) and differential thermal analysis (DTA) were used as well as X-ray diffraction (XRD), scanning electron microscopy (SEM) associated with an energy-dispersive electroninduced X-ray fluorescence (EDAX).
The EDAX equipment was fitted with a minicomputer which allows the semiquantitative evaluation of detectable elements (Z >/9) with a sensitivity of 0.1%. The accuracy of our analyses is limited in the present study by the morphology of the samples examined, as will be shown later. The EDAX analyzer enables determination of the elemental distribution maps for a chosen element in the sample.
XRD, SEM, and EDAX analyses were also used for study of the evolution of the microstructure of the films.
Measurements of the electrical conductivity were performed on meander patterns consisting of 112 squares as well as with the four-point probe method on large deposits 15 15 mm2).
The adhesion of the films was characterized in terms of the pool strength on small pads (1.5 2 mm2) with the method described in Reference 6.
Samples 
EXPERIMENTAL RESULTS
The ink Figure 2 shows the results of a TG and DTG analysis of the ink in air flow. The total weight loss at lower temperatures corresponds to a content of organic vehicle larger than 35%; this latter consists of a highly volatile component, which evaporates in the range from about 100C to 200C, as well as two components which are completely removed at about 350C.
A further interesting feature of the TG curve is the weight gain observed in the range from 400C to 500C and the subsequent regain of the original weight value at about 600C. This behavior is due to the oxidation process of the Pd particles and the subsequent reduction of PdO, as can be argued from the nature of the sample and confirmed by the results of XRD analysis, reported below. TG traces were made at different heating rates of the sample in the range from 20 to 60C/min without observing significant changes in the results. comparison of TG, DTG and DTA results suggests that the peak at 290C could be associated with the burnout of a component of the organic vehicle insoluble in acetone. Moreover it seems reasonable to connect the peak at 440C with the oxidation-reduction process of the Pd grains. The XRD data presented below also suggest that the 550C peak could be associated with some phase-transition(s) occurring within the system, including the PdAg alloy formation and reaction of bismuth-oxide with the glass-frit, However the complexity and time-superposition of several phase changes occurring in the system analyzed make the DTA data poorly informative. Nonetheless, it is interesting to argue about the origin of the endothermic peak; this latter could be due to the softening of the glass, starting from about 700C, without a real phase transformation. In fact the area and height of the endothermic peak are both small and no phase change is detected with XRD experiments in the range from 700C to 850C. Figure 4 shows the SEM picture of some particles contained in the ink. In order to get these isolated grains a small amount of the paste was dispersed in a large volume of acetone and a drop of the solution was placed on a stub for SEM-EDAX analysis. In this way, the presence of individual grains of Ag (mean size 0.2-3 /xm), Pd (most with a size of 0.02 0.2 m) and of glassy particles (namely, grains rich in Pb and Si) was detected. In the same sample, flakes rich in Bi can be observed.
Besides the elements mentioned, A1 and Zn were also detected with EDAX analysis of the dried paste. The evaluation of the relative concentration of these elements in the paste is necessarily very approximate, because of the following experimental factors: a) the EDAX technique is unable to detect B (which is probably present as a constituent of the glass frit) as well as other light (Z < 10) elements; FIGURE 4 Particles present in unfired ink; the smallest grains are identified as Pck the medium sized grains are due to Ag, the largest particles are rich in Pb and Si and can be associated with the glass frit.
b) the stoichiometry ratio of each element with 0 can only be argued from experience or data from independent experiments; c) the actual poor density of the sample. In fact EDAX semiquantitative analyses are based on computer programs which calculate the relative concentration of the detected elements by means of an iterative procedure which processes the rough experimental data and corrects them for effects of the sample's effective atomic number, autoabsorption and internal fluorescence? The iterative procedure converges to a reliable and accurate result only when the actual density of the sample approaches the "theoretical" density figured out by the computer program on the basis of the sample composition. In reality, however, a dried paste contains the organic vehicle not completely removed while the film contains voids, open pores, etc. The ink has a very low density compared with the "theoretical" value; on the other hand it is quite hard to change the computer program in order to enable it to account for this situation.
All these considerations account for the discrepancy between the EDAX results, shown in Table I , and those obtained with other analytical methods (see below). In particular the data of Table I give a ratio Ag/Pd equal to 73/27, while the actual ratio is 81/19. This latter result is, in fact, obtained from the X-ray diffraction patterns, when the areas of equivalent peaks of the spectra due to Pd and Ag grains are considered.
In fact, since Pd and Ag are completely isomorphous and give reflections at nearly equal Bragg angles, a simple relation holds for the ratio of the areas AAg/Apd of equivalent peaks: Besides the peaks of Ag and Pd phases, the diffraction patterns of the fried ink
show reflections due to a Bi,_O3 a-pseudorhombic phase. These microcrystals are occasionally seen in SEM observations are shown by the picture of Figure 6 and the elemental distribution map of Bi tbr the same area.
Evolution of the microstructure of the film Figure 7 shows the change of thickness of the film due to the firing process at different peak temperatures Tf. An appreciable shrinkage in the film occurs starting from 650-700C. A film fired at 850C has this thickness equal to one half of that of a dried film. Shrinkage and sintering are only a few of the numerous and interesting phenomena occurring during the firing cycle of the conductive layer.
X-ray diffraction patterns of the samples contain several pieces of information on these phenomena. Figure 8 It is worth noting that these results are observed in both sets of samples with dry-thickness of 17 and 33/zm, and then on samples about 8/xm-thick when fired at 850C; on the other hand the diffracted X-rays come from a comparable depth in the samples. This means that the 12Bi203" SiO2 phase actually dissolves away rather than segregating at the film/substrate interface. Figure 9 summarizes the results of X-ray diffraction experiments in terms of the relative peak heights as a function of Tf. The XRD data on PdO agree fairly well with those of TG analysis. Moreover the reduction of Bi2Oa and the apparance of a phase involving the chemical reaction of Bi and Si are clearly mutually correlated, according to the data of Figure 9 . This could be explained by the consideration that BizO is a quite stable compound with a melting point at about 850C:
consequently its reduction to Bi could be required for the formation of the new phase.
Information on the PdAg alloy formation is obtained by the analysis of the XRD data (Table II) For the study of necking and sintering, scanning electron microscopy is very suitable. Figure 10 shows some interesting stages of these phenomena.
The powderlike structure of samples fired at 500C changes into the granular structure of samples firel at 650C where some necks appear.
The density of the films at this stage is still very poor, as in a open-pore sintering stage.
Only on samples fired at temperatures above 700C are largely connected surfaces formed with a quasi-continuous network through characterized by some large but separate porosities. A cross sectional view of samples fired at 650 C and 850 C respectively supports this picture, emphasizing also the shrinkage of the layer by increasing the temperature from 650 C to 850 C (Figure 11 ).
Occasionally SEM observations enable a corroboration of data already obtained by XRD experiments. An example is given in Figure 12 , where the surface of a sample fired at 700C is shown. Some crystals (linear size in the m range) are evident; one of those in the central part of the picture is particularly notable for the clear cubic structure. The identification of these microcrystals with the 12BiO3.2SiO phase is supported by EDAX distribution maps of Bi in the same area. EDAX enables the acquisition of data for the description of the evolution of the microstructure as regards the non-crystalline phase of the layer, namely the rearrangement of the glassy components and their segregation towards the substrate as well as the interaction of alumina with the conductor, by increasing the firing temperature.
It is worthwhile stating a premise to the consideration of these experimental data. In fact accurate semiquantitative EDAX analyses are hindered in most of our samples by the poor density of the materials, in the sense discussed in the previous section. The density is much lower than the "theoretical" density, particularly for samples with Tf < 550C. As a result, the accuracy of the data is poor except for samples fired at very high temperatures and with carefully chosen experimental conditions. These effects are illustrated by the data shown in Figure 13 which gives the relative concentration Pd/Pd+Ag obtained in EDAX analyses with primary electron beams of 12 and 25 keV respectively. The data evidence a constant ratio, near the actual value, in samples fired at Tf>600C, while the value diverges at unreal figures in samples fired at lower Tf. The higher the electron energy, the higher is the error in the quantitative evaluation, because of a greater effect of the poor density of the samples, which in turn produces unreal correction factors for the computer program.
Because of this "limitation" of the EDAX technique applied to our samples, the results of the following experiments are to be considered as indicative of a trend rather than as quantitative data. Figure 14 shows the concentration of some elements in the layer, detected in samples fired at different Tf. increases on the top of the conductive layer on increasing the firing temperature ( Figure 14) . In principle this.experimental evidence should be due to either a segregation ofthe original amount ofA1 on the top of the film, or to an increase ofthe AI content because of an interaction with the alumina substrate. This latter alternative turns out to be the actual one according to EDAX analysis of samples fired at 850C, lapped at different thickness ( Figure 15 ). An increasing amount of A1 is detected by increasing the film depth toward the substrate. A very large diffusivity and solubility of A1 in the glassy layer is suggested by the data. In passing, we may note that the data on Figure 15 supports the segregation of Bi on the substrate/film interface.
Performance of the PdAg conductor Figure 16 shows the change of electrical properties of samples fired at different temperatures. Rs represents the sheet resistance, namely the measured resistance value divided by the film aspect ratio, without any consideration of the change of the sample thickness, which is noticeable for Tf > 700C (Figure 7 ). On the contrary p represents the bulk resistivity of the samples, where the actual thickness is taken into account. ._ ._ FIGURE 16 Sheet resistance R and resistivity p as a function ofthe peak firing temperature; R is calculated neglecting the change of film thickness, p values taken into account the actual thickness of the film. Note that the effective resistivity of the films fired at 850C is about 1.4 times that of a bulk AgPd alloy of equal composition.
The experimental data can be interpreted with the following considerations.
Samples fired at Tf<350C exhibit extremely high resistances(in the Mf/[] range, not shown in Figure 16 ) due to the presence of the organic vehicle, which takes apart the metal particles and acts as an insulator between them. However at Tf400C the organic vehicle is completely removed (Figure 2 ) and the resistance drops rapidly to less than 100 mlq/t-l. In samples fired at Tf from 450C to 700 C, Rs exhibits small changes as a consequence of competing effects such as Pd oxidation, PdO reduction, alloy formation and alloy grain enlargement. Only in samples fired at Tf > 700C do the sintering and rearrangement of the components in the layer actually reflect on the electrical properties of the material. In fact the resistivity changes by more than a factor two in passing from Tf 700C to Tf--850C. Of course the resistance decrease is ascribed to various concurrent effects: the shrinkage of the film, and consequently minor distances and greater contact areas between the metal grains, the enlargement of the grains (that leads to lower electron scattering effects), and the segregation of part of the glass towards the substrate with the result that very thin dielectric films cover the metal grains.
It is interesting to note that the final resistivity (Tf--850C) is only 1.4 times larger than that of a bulk PdAg alloy of equal composition?'-This result is theoretically predicted 3 when cubic metal particles are compacted at an actual density 0.95 times the theoretical density. This observation suggests that any glassy layer covering the metal particles is so thin that electrons can tunnel through it very easily.
As regards adhesion, we find that in samples fired at Tf < 600 C the peel strength was too low for an accurate measurement. The adhesion in samples fired at Tf--650C failed at the film/substrate interface with a peel strength of about 8 N/mm2, whereas for Tf 700C the adhesion is excellent, since the failure occurs with breaking of the alumina substrate and a peel strength in the range from 15 to 20 N/mm2.
These results show that the evolution of the. microstructure of the film plays a relevant role in the mechanical properties and adhesion of the conductor. In fact the segregation of the glassy components at the substrate interface, as well as the interaction of alumina with the film, occurs at just those temperatures where the adhesion behavior improves substantially. The change of adhesion around 650-700C is clearly a consequence of these chemico-physical modifications of the conductive layer near the substrate interface.
DISCUSSION AND CONCLUSION
In the present paper we have shown that the evolution ofthe microstructure of an actual thick-film conductor is rather more complex than a simple sintering of metal grains. A general picture ofthe effects occurring in the firing cycle can be obtained from the study. of samples fired at intermediate peak temperatures with isochronal cycles.
The picture emerging from the study of the conductor described in this paper is shown in Figure 17 . The description of the evolution of the microstructure can be simplified by defining schematically three different temperature ranges.
In the first one, a "low temperature range" up to about 350C, the film is made of submicron particles of Ag, Pd, Bi,O3, a glass frit and organic vehicle. In the range of "intermediate temperatures", from about 400C to 650C the system is made of Pd-Ag alloy grains sintered at a low density, as well as glassy and microcrystalline particles of non-metal components. In the range of"high temperatures" from 700C to 850C the microstructure becomes very compact but differentiated in the film thickness; in fact near the substrate we find the glassy components, reacted with the alumina, while in the upper layers of the films we find essentially a PdAg alloy sintered at closed porosity, approaching the theoretical density. The boundary between the ranges of low and intermediate temperatures seems closely correlated with the physico-chemical properties of the organic vehicle; namely, this latter must burn out in order to allow a reaction between Ag and Pd (at atomic level), an oxidation of Pd and a reduction of Bi203. Moreover the burn out of the organic vehicle promotes a contact of the metal particles, changing the electrical behavior of the film, from an insulator to a conductor.
T(C)
The boundary between the ranges of intermediate and high temperatures seems closely correlated with the properties of the glass frit (including the bismuth compound). In fact the glass must assume a low viscosity and wet the metal particles; as a result we have easier sintering of the grains, the shrinkage of the film as well as a chemical interaction with the substrate which promotes the adhesion. Probably the reduction of Bi203 and the interaction of Bi with the glass frit is very relevant in the determination of the wetting properties and viscosity of the glass?
It is interesting that the conductor can be "ready to use" even when fired at Tf as low as 500-550C, since its sheet resistance is already that of a good conductor and improves only by a factor two on increasing Tf to 850C. It is only the need for good adhesion that requires Tf> 700C.
Besides the interesting results discussed hitherto on the specific material, the present work also enabled us to check a general method of investigations for the study of thickfilm conductors. It is worthwhile to review briefly some points emphasized by this wore Let us start from the obvious point that an exhaustive picture of the formation of the microstructure of thick-film conductors emerges only from the results of several complementary analytical techniques.
TG analysis, with its simplicity and unambiguous results, is essential for understanding the behavior of the organic vehicle during the firing process. We found difficulty in interpreting of DTA data in the complex system studied, but the technique can be useful for studying the softening point of the glass. X-ray diffractometry is extremely informative on the phase changes and interaction between the film components, grain sizes (as long as they are lower than about2000 A ); moreover, some quantitative data on the film composition can be obtained from the areas of diffraction peaks as well as from the peak shift of isomorphous phases which form an alloy. The penetration depth of Cu-Ka beams of the usual X-ray sources is high enough for the investigation of layers several micrometers thick, so that no particular expedient for the preparation of the samples is necessary for X-ray diffraction analysis.
Also SEM and EDAX techniques are very useful for a study of thick-film materials, provided that care is taken in choosing the measuring conditions and interpreting of the data. In fact we obtained clear evidence of the artefacts in quantitative analyses due to the porosities and poor density of samples.
In conclusion, this work has provided interesting results on the evolution of the microstructure of Pd/Ag based conductors and its correlation with the performance of the films. Moreover the study has provided a test of experimental methods for the investigation of thick-film conductors for microelectronics and photovoltaic applications.
